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Overview
The application of high throughput sequencing technologies for environmental microbiology is arguably as transformative as the invention of the microscope. When we began to see previously invisible microorganisms, we discovered the vast number of microbes in our environments. These observations significantly expanded the scope of microbiology as we began to have a better sense of the diversity of organisms outside of what we could grow in the laboratory. Presently, with sequencing technologies, we now read the genetic code of microorganisms, assembling microbial genomes without the need to even culture them, and in some cases providing clues as to how to culture them. This accessibility to genes has allowed us to investigate microorganisms and their predicted functional profiles in increasingly complex natural environments through approaches like metagenomics. In this review, we discuss how sequencing technologies can help us understand microbial communities and the challenges and opportunities involved in analyzing these very large datasets with metagenome assembly.
Metagenomic Assembly
In analyzing microbes using genomics, one of the earliest forms of analysis involved genome assembly. Note that in this review, we use the phrase assembly to refer to de novo assembly, or the assembly of contigs without the use of previous references. From even the early days in sequencing, genome assembly has been a revered subspecialty in bioinformatics. Assembly began as an extension of local sequence alignments, where each sequencing read was compared with all other reads, followed by the subsequent assembly of the highest scoring pairs, essentially identifying overlapping sequences for extension into longer contiguous sequences, or contigs. These assemblers were developed for the then-standard Sanger sequencing technology. They were effective at retroactive correction of assembly errors, using the long, accurate Sanger read lengths for decision making with regards to variant calls and conflicts in read mate pairs that indicate possible chimeras or rearrangements (Dear and Staden, 1991; Lawrence et al., 1994; Myers, 1995; Bonfield and Whitwham, 2010) .
The advent of next generation sequencing (NGS) technologies changed the type of sequencing data available to microbiologists and also expanded the types of questions that could be asked of sequencing. NGS reads are much cheaper than Sanger reads but are also much shorter in length (e.g., ∼100-250 bp). Assembly of NGS short read data is hampered both by the length of reads and the large number of reads that typically exceed by one or more orders of magnitude the number of reads that would be needed for the same project using Sanger sequencing. While fold coverage necessary for adequate assembly with Sanger data approached 10-fold coverage, with short-read technologies such as Illumina, the fold coverage needed for adequate assembly is generally 100-fold or greater (Sims et al., 2014) . The number of read-to-read comparisons and the storing of this information quickly exceed the memory available on even very large memory machines. A series of more memory efficient methods based on de Bruijn graphs have been developed to tackle this assembly problem (Pevzner et al., 2001 ) and reviewed in (Pop, 2009; Miller et al., 2010) .
Due to the increased cost-effectiveness, and to a lesser extent, the throughput of the newer, next-generation sequencing platforms, the number of shotgun metagenome projects in the microbiology field has surged. Today, thousands of projects are underway, exploring systems of low complexity, such as acid mine drainage (Tyson et al., 2004) , ocean oil spills (Mason et al., 2012) , and deep sea hydrothermal vents (Xie et al., 2011) , to those of extreme complexity. In complex environments, metagenomes require deep sequencing for assembly; current sequencing efforts (less than 1 Tbp per sample) in soils and sediments resulting in less than half of the reads incorporated into assembled contigs (Luo et al., 2012; Howe et al., 2014) suggest that these environments contain very high diversity. While the specific goals of all these projects vary, most initial questions revolve around the characterization of functional and taxonomic composition. While there have been many recent advances in examining these questions using read-based approaches (Segata et al., 2012; Wood and Salzberg, 2014; Freitas et al., 2015) , these are limited to supervised approaches, meaning that a limiting factor is the presence of an available database with appropriate reference genomes. For many of the ecosystems explored using metagenomics, there is a gross lack of high quality reference genomes. Without sufficiently similar references for dominant organisms in a sample, metagenome assembly is an approach that can provide greater insight into the community by delivering longer, contiguous sequences that can subsequently be investigated using more traditional approaches for classification of taxonomy and function. These contigs can sometimes approach the size of an entire genome, possibly linking functional genes to phylogenetic markers and allowing a more comprehensive reconstruction of the metabolic potential of a particular genome (Albertsen et al., 2013; Sharon et al., 2013; Wrighton et al., 2014) .
Current Challenges with Metagenome Assemblies
While the throughput of sequencers seems astronomical compared with a decade ago, it can still be difficult to have sufficient sequence representation from the large number of different organisms that can be found in many ecosystems. Due to variable relative abundance of different community members within a population, some genomes may be covered many thousands of times while others are only covered by a handful of sequencing reads or none at all. Some communities may even be sufficiently diverse that no member is represented very highly. Because any assembly of sequence data requires overlaps among reads, assembly of the less dominant members of a community may require additional sequencing.
These considerations, along with the cost, often dictate the level of sequencing effort dedicated to a project. The most prominent sequencing platforms currently used for metagenomes include ones that produces millions to billions of short (<300 bp) reads (e.g., Illumina sequencing platforms). Estimations of community diversity often precede metagenomic sequencing efforts. While these efforts (often using rRNA gene amplicon analysis) can be revealing for community studies by themselves, they can be inaccurate when it comes to strainlevel diversification or population heterogeneity. For example, while some dominant rRNA members may be clonal in origin, others rRNA sequences may represent a broader diversity of genotypes.
Another challenge for metagenomic assembly is that despite the improvements in assembly algorithms and the advancement of computer hardware technology, assembly of such abundant, complex data can often overwhelm any given computer's memory constraints. This issue is contributed to by the natural diversity of the community and the variants found within the population and is further exacerbated by sequencing errors that are present (even at very low levels) within the sequencing data.
Strategies for Metagenome Assembly
There are an increasing number of assembly programs focused on the issue of metagenome assembly (Peng et al., 2011; Namiki et al., 2012; Li et al., 2015) , most of which are based on de Bruijn graph assembly, that involves deconstructing the short reads into ever shorter k-mers of length k, finding overlaps of k-1, and traversing through the graph of k-mers/overlaps. There are a number of areas where metagenome assembly efforts have focused on improving. Some methods try to address the memory constraints in generating large assembly graphs, generally using a divide and conquer strategy. Other assemblers try to improve the ability to handle minor variants (or sequence errors) within otherwise identical k-mers by weighting k-mers by frequency or by collapsing paths depending on connectivity (e.g., bifurcating and rejoining paths). Other methods try to tackle some of the many complications that occur with the presence of genomes with high variations in abundance, for example by iterating over a series of different k-mer sizes. The length of the k-mer defines two things: 1) the overlap size needed among k-mers to allow assembly of two k-mers, and 2) the size of the repeat that can be resolved by the k-mer. Given sufficient coverage, longer kmers will provide a simpler graph and a more robust assembly since repeats smaller than size k will be resolved within the graph. However, for organisms of lower abundance (i.e., genomes of lower coverage), the chance of sequencing overlapping regions (of size k) of the genome is also decreased (with longer k length), dictating the lower bound of organism abundance that can be assembled.
Because de Bruijn graph assembly is based on the smaller kmer lengths and not on full read lengths, the smallest contigs are generally of size k+1, and it is possible to generate contigs from the graph that are not reflected by any read. If this was not already complicated, because of the highly conserved nature of functional features (homologous sequences) within disparate genomes, e.g., multiple copies of rRNA gene sequences, assemblers can generate chimeric contigs at any k-mer that is shared among two genomes (or within a genome). After assembly, contigs with minimal or no read coverage can be removed, and some of the chimeras can be resolved using paired-end reads if available. While these and other metagenome assembly issues can be somewhat addressed post-assembly, specialized tools are not yet available that address all of them. An alternative strategy for assembly of metagenomes includes using different algorithms that use reference genomes or genes for more specialized, targeted assembly (Boisvert et al., 2012) .
Accessibility to Metagenome Assembly
The challenges that face most scientists when confronted with metagenome assembly appear daunting: a wide array of assembly tools, each with their own strengths and weaknesses, and none ideal for any given metagenomic community of varying diversity, nor tailored to function within any given computational environment. In addition, this can become substantially more complex if using multiple technologies with differing error models, read lengths, and amounts of data since most bioinformatics tools are truly developed for highly specific data types.
Further exacerbating the situation is that most of these tools (especially newer ones) require knowledge of executing a command in a Unix environment. This obstacle, mainly the lack of individuals cross-trained in microbiology and practical bioinformatics is arguably one of the largest facing the field. Knowledge of the specific questions being asked of a sequencing dataset, the opportunities and limitations of an experiment, and the skills to effectively analyze these datasets can ensure that the data and algorithms used are appropriate for the question. While the number of microbiologists with bioinformatics skills is increasing, it is not yet commonplace, and sequencing is increasingly prevalent in most areas of biology and has already been declared democratized by a number of groups (Kumar et al., 2013; Koren et al., 2014; Meijueiro et al., 2014) . As evident from the challenges above for metagenome assembly, even within the area of bioinformatics, there can be many subspecialties, each requiring a level of sophistication often beyond the average microbiologist. In an effort to make available some of the skills needed for metagenome analysis, including metagenome assembly, this review includes a tutorial on some of the steps for analyzing a simulated mock metagenome from the Human Microbiome Project.
1 Given the challenges of accessibility to computational resources, this tutorial has been designed for implementation on rentable cloud computing. 2 We also note that there are a number of challenges in metagenomics, and in this review, we focus on challenges facing individuals whose goal is to analyze a community using metagenome assembly. However, it is also important to consider that many other questions can be asked using a metagenome without specifically requiring an assembly (reviewed in, Sharpton, 2014) , such as aligning reads to known references (reviewed in (Trapnell and Salzberg, 2009; Li and Homer, 2010; Fonseca et al., 2012) and read-based functional annotations (reviewed in, De Filippo et al., 2012; Prakash and Taylor, 2012) .
